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Abstract
The photo-production of nucleon resonances is calculated based on a chiral
constituent quark model including both relativistic corrections Hrel and two-
body exchange currents, and it is shown that these effects play an important
role. We also calculate the first moment of the nucleon spin structure function
g1
(
x,Q2
)
in the resonance region, and obtain a sign-changing point around
Q2 ∼ 0.27 GeV2 for the proton.
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I. INTRODUCTION
A major goal of hadron physics is to understand the spectrum, structure, and interactions
of hadrons as a consequence of the strong interactions. However, quantum chromodynam-
ics (QCD), the fundamental theory for strong interactions, is so difficult to solve in the
nonperturbative region of low-energy hadron physics that no one is currently able to quan-
titatively describe the hadron characteristics from first principles. Because of this, effective
models are built, trying to keep the essential features of the underlying basic theory, and
which hopefully can be solved or at least approximated in a satisfactory way. Among these
models, the constituent quark model is the most successful. Nevertheless, it is important
to extend its range of application beyond the traditional static hadronic properties, such as
the mass spectrum, to processes that can provide information in a more stringent way about
the detailed quark dynamics. Electromagnetic transitions play in this respect a special role,
since the photon is a particularly clean probe. On the experimental side, the opening of
CEBAF will certainly bring more precise experimental data in the near future.
In its application to the photo-production of nucleon resonances, the non-relativistic
quark model had to be modified by adding some terms in order to have a consistent theory.
In fact, the study of the photo-production of nucleon resonances has a long history [1]. In
the non-relativistic quark model, it is begun with the work of Koniuk and Isgur, based on
one-body reduction current [2]. Later on, Close and Li stressed the importance of spin-orbit
and non-additive terms associated with the Wigner rotation of the quark spin transformed
from the frame of the recoiling quark to the frame of the recoiling baryon, and also the role
of the binding potential [3] and configuration mixing [4]. Since the spin-orbit (S-L) term
of one-gluon exchange potential [5] was ignored in the investigation of baryon spectrum in
the Isgur model [6], most of the authors did not consider the two-body exchange currents
corresponding to the one-gluon exchange potential in the calculation of resonance photon
decay. However, the S-L term is important in the study of baryon-baryon interactions. Some
authors also included it in order to investigate the baryon spectroscopy [7].
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On the other hand, chiral symmetry is probably the most important feature of QCD in
the nonperturbative region [8]. This is introduced in the quark model by adding one-pion and
one-sigma exchange potentials between constituent quarks. Recently, based on this chiral
constituent quark model, Buchmann et al. investigated the electromagnetic properties of
octet and decuplet baryons, including the two-body gluon and meson exchange currents. In
their calculations, the two-body exchange currents play an important role in the explanation
of the nonzero γN → ∆ E2 transition [9] and the neutron charge radius [10], and also in
order to fit the electromagnetic properties of the octet and decuplet baryons [11]. Meyer et
al. included the two-body exchange currents to study the photo-production of the resonance
states below
√
s = 1.6 GeV and obtained a reasonable good agreement with experiment [12].
In the first part of this work, based on the chiral constituent quark model [10], we go
beyond the work of Meyer et al. [12], calculating the photo-production amplitudes of nucleon
resonances up to energies higher than they do, that is up to 2 GeV, and we also include the
contributions of the spin-orbit and non-additive terms, in addition to the contributions of
the two-body exchange currents.
The effect of nucleon resonances is also important in other electromagnetic transition
processes. In fact, recently there has been much interest in the nucleon spin structure
function g1 (x,Q
2) in the low energy region, where it is mainly saturated by the low-lying
resonances. For the proton, since g1 (x,Q
2) satisfies a positive sum rule in the large Q2 limit,
and the negative Gerasimov-Drell-Hearn (GDH) sum rule in the real photon limit [13], there
should be a sign-changing in the low Q2 region. Theoretically, phenomenological models
[14–17] have been proposed to study the Q2 evolution of the first moments of the nucleon spin
structure function in the resonance region. After taking into account the nucleon resonances
explicitly, the predictions [14] are in good agreement with the few data points of the SLAC
experiment E143, although within large experimental errors [18], and gave a sign-changing
point at a smaller Q2 ∼ 0.22 GeV2, instead of 0.8 GeV2 [19] that was predicted before. Li and
Dong considered the interference cross section between transverse and longitudinal currents
based on a non-relativistic constituent quark model. In their calculation, the contribution of
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the interference cross section pushes the sign-changing point to around 0.53 GeV2 [15]. After
including the background contribution, the sign-changing point appears at a smaller energy
scale, about 0.3 GeV2 [16]. Soffer and Teryaev introduced a parametrization to investigate
the Q2 dependence of GDH sum rule [20]. All these calculations indicate that there is a very
strong Q2 dependence behavior on the evolution of the nucleon spin structure function due
to the resonance contributions. In order to reliably perform the saturation, it is necessary
to take into account all kinds of effects carefully, and that is what we plan to do here.
In section II of this paper, we calculate the photo-production amplitudes of nucleon
resonances up to energies of 2 GeV, including both the relativistic corrections and the two-
body exchange currents. Furthermore, we also study the effects of the two-body exchange
currents in the nucleon spin structure function and GDH sum rule in the resonance region
in section III. Finally a summary and conclusions are given in section IV.
II. THE PHOTO-PRODUCTION OF NUCLEON RESONANCES
The helicity amplitudes of nucleon excitations are defined as
Aλ = 〈R, J ′, λ |HT |N, 1
2
, λ− 1〉, (1)
where λ is the helicity of resonance R with total angular moment J ′. The electromagnetic
transition operator HT is composed of one-body non-relativistic reduction term, spin-orbit
and non-additive terms (the last two terms, first introduced by Brodsky and Primack [21],
are called collectively as Hrel) [3],
HT = HNR +HSO +HNA. (2)
In fact, it is more convenient to calculate the transition amplitudes in the form of current
matrix elements. For real photons, we have
Aλ = −
√
2π
ω
〈R, J ′, λ
∣∣∣~ǫ ·~j (~q)∣∣∣N, 1
2
, λ− 1〉, (3)
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in which ~ǫ = − 1√
2
(1, i, 0) is the photon transverse polarization vector, (ω, ~q) is the four
momentum transfer of the photon in the center of mass frame, ~j (~q) is the electromagnetic
current corresponding to the transition operator HT , and which can be easily obtained from
HT as:
~j (~q) = ~jNR (~q) +~jOS (~q) +~jNA (~q) , (4)
~jNR (~q) =
3∑
i=1
µi
(
i
[
~σi × ~pi, ei~q·~ri
]
+
{
~pi, e
i~q·~ri
})
, (5)
~jSO (~q) =
3∑
i=1
−1
2
[
2µi − ei
2m
]
ω
2mi
i
{
~σi × ~pi, ei~q·~ri
}
, (6)
~jNA (~q) =
3∑
i<j
ω
4MT
i
(
~σi
m
− ~σj
m
)
×
(
eje
i~q·~rj~pi − eiei~q·~ri~pj
)
. (7)
Here, ei, ~pi, ~ri, µi are the charge, momentum, position and magnetic moment of the ith
quark, m and MT are the quark and nucleon mass, and Ai, φi, Bi and Ei are the elec-
tromagnetic fields. According to Eq.(5), we can see that ~jNR is exactly the lowest order
non-relativistic one-body electromagnetic current reduction. With the multipole expansion
of electromagnetic current [22]
j (~q;m) =


ω
|~q|
√
4π
∑
J≥0 iJ
√
2J + 1MˆJm (|~q|) m = 0,
−√2π∑J≥1 iJ√2J + 1 (Tˆ elJm (|~q|) +mTˆmagJm (|~q|)) m = ±1,
(8)
in which MˆJ , Tˆ
el
J and Tˆ
mag
J are Coulomb, electric and magnetic multipole operators of rank
J , respectively, we have
Aλ =
2π√
ω
∑
J≥1
iJ
√
2J + 1
(
〈R, J ′, λ
∣∣∣Tˆ elJ1 (|~q|)∣∣∣N, 12 , λ− 1〉
+〈R, J ′, λ
∣∣∣TˆmagJ1 (|~q|)∣∣∣N, 12 , λ− 1〉
)
. (9)
Due to the parity and angular momentum conservation, only one electric and one magnetic
multipole operators contribute to the helicity amplitudes.
In this work we study the photo-production amplitudes of nucleon resonances based
on the chiral constituent quark model [10], which includes not only the one-gluon exchange
potential, but also the one-pion and one-sigma exchange potentials to model chiral symmetry
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breaking of QCD in the nonperturbative region. As pointed out in the introduction, the
S-L term in the one-gluon exchange potential is important in baryon-baryon interactions.
Furthermore, when it is included in the study of the baryon spectrum, and because of gauge
invariance, it is necessary to consider its effects, namely the two-body gluon exchange current
~jgqq¯ (~ri, ~rj, ~q), which turns out to be important in the investigation of the electromagnetic
transitions [10]. There exist several methods to derive the two-body gluon exchange current,
such as the minimal electromagnetic coupling method and the Feynman diagram method.
Buchmann et al. derived it by the Feynman diagram approach [10]. In addition, the gauge
invariant currents corresponding to the one-pion exchange potential are the pion-pair current
~jπqq¯ (~ri, ~rj, ~q) and the pionic current ~jγππ (~ri, ~rj , ~q), which are also derived using Feynman
diagrams. Explicit expressions for all these two-body exchange currents can be found in
Ref. [10].
In Ref. [3], the quark mass was treated as free parameter in order to include the con-
tributions of the scalar potentials. Here, we will investigate the contributions of the scalar
potentials carefully. Buchmann et al. found that the scalar potentials contribute signifi-
cantly to the electromagnetic properties of the octet and decuplet baryons. According to
Eq.(2.10) of Ref. [3], to O (1/m2) we have
~jscalar (~ri, ~rj , ~q) = − i
2m2
{
eie
i~q·~ri~σi × ~qV scalar (~ri, ~rj) + (i↔ j)
}
. (10)
In the chiral constituent quark model [10], the scalar potentials include a two-body harmonic
oscillator confinement potential V conf (~ri, ~rj) and a one-sigma exchange potential V
σ (~ri, ~rj).
Thus, in the chiral constituent quark model [10], the total electromagnetic current ~jtot,
which satisfies the gauge invariance condition, should be given by a sum of one-body non-
relativistic reduction, spin-orbit, non-additive, and two-body exchange currents:
~jtot = ~jNR (~q) +~jOS (~q) +~jNA (~q) +
3∑
i<j=1
(
~jgqq¯ (~ri, ~rj, ~q) +~jπqq¯ (~ri, ~rj , ~q)
+~jγππ (~ri, ~rj, ~q) +~jconf (~ri, ~rj , ~q) +~jσ (~ri, ~rj, ~q)
)
. (11)
In our calculations the model wave function is the standard SU (6) ⊗ O (3), all the
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parameters are the same as in Ref. [10], and the phase convention of Koniuk and Isgur [2,3]
is used. Our main purpose is to investigate the role of the two-body exchange currents,
and spin-orbit and non-additive terms, in the photo-production of nucleon resonances. As
a first step, we will neglect the configuration mixing effects. We also neglect the finite
electromagnetic size of constituent quarks used in Ref. [9,12]. In fact, this is easy to take
into account, by multiplying every photo-production amplitude by a monopole form factor
Fγq (~q
2) = 1/
(
1 + (1/6) ~q2r2γq
)
.
All the calculations are made in the center mass frame and the results are shown in the
Tables I and Tables II. The experimental data are given by the most recent Particle Data
Review of Particle Physics [28]. We can see that the two-body exchange currents play an
important role, especially the confinement current, in the photo-production of nucleon res-
onances. For the resonance S11 (1535), in contrast to Ref. [3,4], the theoretical overestimate
versus experimental result does not exist anymore. It is interesting to notice that the Roper
resonance P11 (1440) agrees with experiment due to the two-body exchange currents, and
not to the configuration mixing [4]. Another example is the D15 (1675) proton excitation
amplitudes A1/2 and A3/2, for which the two-body exchange currents give a nonzero con-
tribution, although it is not in the right direction. However, for P33 (1232), the theoretical
result is still far below the experimental data because the two-body exchange currents cancel
each other. Comparing with the large contributions to the L = 0 and L = 1 resonances, the
contributions of the two-body exchange currents to the L = 2 resonances are smaller, but
they are still important to some L = 2 resonances.
On the other side, we confirm the results of Close and Li [3], that the relativistic
corrections Hrel are important in most cases. Meyer et al. stressed the role of the two-
body exchange currents on the photo-production of the resonance states with masses below
√
s = 1.6 GeV [12], but the relativistic corrections Hrel are neglected in their calculations.
In fact, after considering the contributions of both the two-body exchange currents and Hrel,
the agreement with experimental is improved, specially for the resonances D13 (1520) and
P33 (1232).
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III. THE NUCLEON SPIN STRUCTURE IN THE RESONANCE REGION
The nucleon spin structure in the resonances region is mainly saturated by the nu-
cleon resonances of photo- and electro-production. Extending the calculation of the photo-
production to electro-production is straightforward. However, the electro-production of
resonances will become highly relativistic when the momentum transfer q2 increases. We
will follow the method of Li and Close [4] in order to remove the exponential decay with q2.
This method was first used by Foster and Hughes in order to study the electro-production
in the equal-velocity frame [23].
In general, the nucleon spin structure function g1 (x,Q
2) can be expressed as [24]
g1
(
ω,Q2
)
=
MTK
8π2α
(
1 + Q
2
ω2
)
[
σ1/2
(
ω,Q2
)
− σ3/2
(
ω,Q2
)
+
2
√
Q2
ω
σTL
(
ω,Q2
)]
. (12)
Here, σ3/2 and σ1/2 are the total cross sections, related to the excitation of hadronic states
with helicity 3/2 and 1/2 respectively, σTL is the longitudinal and transverse interference
cross section, and x = Q2/2MTω is the Bjorken scaling variable. Following Ref. [25], we
choose the photon flux K as “photon equivalent energy” K = (W 2 −M2T ) /2MT , where W
is the total c.m. energy. Then we have for the first moment of the nucleon spin structure
function
Γ
(
Q2
)
=
∫ x0
0
dx g1
(
x,Q2
)
=
Q2
16π2α
∫ ∞
ωth
1− x√
ω2 +Q2
[
σ1/2
(
ω,Q2
)
− σ3/2
(
ω,Q2
)
+
2
√
Q2
ω
σTL
(
ω,Q2
)] dω
ω
, (13)
where ωth is the threshold energy of pion photo-production, and x0 = Q
2/2MTωth. In the
large Q2 limit, Γ (Q2)→ Γ (constant), and it is still positive atQ2 = 0.5 GeV2 [18]. However,
in the real photon limit, the cross section σTL vanishes, and in fact the negative GDH sum
rule [13] must be satisfied
I
(
Q2 = 0
)
=
∫ ∞
ωth
dω
ω
[
σ1/2
(
ω,Q2 = 0
)
− σ3/2
(
ω,Q2 = 0
)]
= −2π
2α
M2T
κ2, (14)
where κ is the anomalous magnetic moment of the nucleon, and I (Q2) = (2M2T/Q
2) Γ (Q2).
Thus the nucleon spin structure is strongly Q2 depended in the resonance region.
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With a Breit-Wigner parametrization in the resonance region, the absorption cross sec-
tion can be expressed in terms of amplitudes as [26]
σ1/2
(
ω,Q2
)
=
∑
R
2MT
(W +WR)
ΓR
(W −WR)2 + Γ2R/4
∣∣∣AR1/2 (ω,Q2)
∣∣∣2 , (15)
σ3/2
(
ω,Q2
)
=
∑
R
2MT
(W +WR)
ΓR
(W −WR)2 + Γ2R/4
∣∣∣AR3/2 (ω,Q2)∣∣∣2 , (16)
σTL
(
ω,Q2
)
=
∑
R
2MT
(W +WR)
ΓR
(W −WR)2 + Γ2R/4
[
AR∗1/2S
R
1/2 + S
R∗
1/2A
R
1/2
]
(17)
where, ΓR is the total decay width of the resonance R. The longitudinal transition amplitude
is
S1/2 = 〈R, J ′, 1
2
|Hl|N, 1
2
,
1
2
〉, (18)
with the longitudinal transition operator
Hl =
1√
2ω
(ǫ0j0 − ǫ3j3) , (19)
which is slightly different from Eq.(11) of Ref. [15] with a factor 1/
√
2ω, and which will lead
to a more standard form of charge operators in the following. The longitudinal polarization
vector can be chosen as
ǫµ = (ǫ0, 0, ǫ3) =
(
q3√
Q2
, 0, 0,
ω√
Q2
)
. (20)
Combining Eq.(19) with Eq. (20), we have
S1/2 =
√
Q2
ω
√
2ω
〈R, J ′, 1
2
|j3|N, 1
2
,
1
2
〉. (21)
Substituting Eq.(8) into the above equation, we obtain
S1/2 =
√
Q2
|~q|√2ω
√
4π
∑
J≥0
iJ
√
2J + 1〈R, J ′, 1
2
∣∣∣MˆJm (|~q|)∣∣∣N, 1
2
,
1
2
〉. (22)
Also, according to the parity and angular momentum conservation, only one Coulomb mul-
tipole operator contributes to the longitudinal transition amplitude.
The charge operator, corresponding to the current in Eq.(4), is [27]
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ρ (~ri, ~rj, ~q) =
∑
i
[
ei + i
ei
4m2
~q · (~σi × ~pi)
]
ei~q·~ri
−∑
i<j
i
4MT
(
~σi
m
− ~σj
m
) [
ei (~q × ~pj) ei~q·~ri − ej (~q × ~pi) ei~q·~rj
]
, (23)
which includes both the spin-orbit and no-additive terms that are known to be important in
reproducing the sum rule for the quantity σTL [15]. The factor 1/2ω, appeared in the charge
operator of Ref. [15,27], is absorbed into Eq. (19), and the first term in the above equation
is just the usual charge operator. All of those charge operators related to the two-body
exchange currents are O (1/m3), and can be neglected in the calculation of σTL, although
they are crucial in the case of the γN → ∆ E2 transition [9] process and in reproducing the
neutron charge radius [10].
In our calculations all the nucleon resonances with masses below 2.0 GeV are included.
Furthermore, in order to connect smoothly with the GDH sum rule I (Q2) at Q2 = 0 and
with the sum rules for Γp,n (Q
2) at high Q2, and based on the assumption that the main
contribution comes from vector meson intermediate states at Q2 ≤ 2 − 3GeV2, the non-
resonant part is modeled as in Ref. [14]:
Inres(Q2) = 2m2Γ
(
Q2m
) [ 1
Q2 + µ2
− cµ
2
(Q2 + µ2)2
]
, (24)
c = 1 +
µ2
2m2
1
Γ (Q2m)
[
1
4
κ2 + Ires (0)
]
, (25)
where Γ (Q2m) is a free parameter, c is fixed by the value of the GDH sum rule at Q
2 = 0,
and µ is the mass of ρ meson. The extended GDH sum rule is simply expressed as a sum of
the resonant part Ires (Q2) and the non-resonant part Inres (Q2)
I
(
Q2
)
= Ires
(
Q2
)
+ Inres
(
Q2
)
. (26)
In fact, the importance of the non-resonant part was stressed early by Karliner [30], in
order to reproduce the GDH sum rule at Q2 = 0 GeV2. In our calculations, the chosen
parameters are Γp (Q
2
m) = 0.237 and Γn(Q
2
m) = −0.025, and cp = 1.387 and cn = −2.753.
These numbers were obtained using the experimental results for Γp,n (Q
2) at Q2 = 2 GeV2,
and by the values of the GDH sum rules Ip,n (Q
2 = 0), respectively. They are somewhat
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different from those of Ref. [14], but the changing in the shape of Γp,n(Q
2) is weak in the
low Q2 region.
The Q2 dependence of the first moment of the nucleon spin structure function g1 (x,Q
2),
both for the proton and the neutron in the resonance region, is shown in Figs. 1 and 2.
We include the resonant part calculation of Burkert and Ioffe [14], for comparison. The
main difference between this work and ours is that we use the chiral constituent quark
model, which in practice implies a different set of parameters, and we also include two-body
exchange currents, although in contrast to the photo-production of nucleon resonances, in
the case of the first moment of the nucleon spin structure function g1 (x,Q
2) the effect of
the two-body exchange currents is small.
For the proton or neutron separately, the contribution of the resonance P33 (1232) is
the dominant one. However, for the difference between the proton and the neutron, the
contribution of this resonance is absent. In this case, chiral perturbation theory is useful,
but it is valid only to as low as 0.2 GeV2 [31]. In Fig. 3, we show our results for Γp − Γn,
and we also compare them with the results of chiral perturbation theory [31]. Our results
with only the resonant part have the correct slope and sign in the low Q2 region.
In Figs. 4 and 5, we show our results for the Q2 dependence of the GDH sum rule, both
for the proton and the neutron, with the following extension:
IGDH
(
Q2
)
=
2M2T
Q2
∫ x0
0
g1
(
x,Q2
)
dx. (27)
In our calculations, the sign-changing point of the generalized GDH sum rule for the proton
appears around Q2 ∼ 0.27GeV2.
IV. SUMMARY
Based on a chiral constituent quark model, we have calculated the photo-production
amplitudes of all the nucleon resonances with masses below 2.0 GeV, and the first mo-
ment of the nucleon spin structure function g1 (x,Q
2), including both relativistic corrections
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and those two-body exchange currents corresponding to the one-gluon exchange, one-pion
exchange, one-sigma exchange and confinement potentials.
We find that the two-body exchange currents required by gauge invariance, specially
the exchange current corresponding to the confinement potential, play an important role
in most cases. But for L = 2 nucleon resonances, the two-body exchange currents are less
important. After taking into account the effects of both the two-body exchange currents
and the relativistic corrections, the fit to experiment is improved.
It is known that the first moment of the nucleon spin structure function g1 (x,Q
2) is
strongly Q2 depended below Q2 = 1.0 GeV2, and we obtain a sign change atQ2 = 0.27 GeV2.
This strong Q2 dependence means that in order to obtain a reliable theoretical prediction,
the saturation of resonances should be performed carefully, and that is what we have done
in this paper.
We mainly concentrated on the effects of the two-body exchange currents and relativistic
effects, and did not consider configuration mixing effects. However, it is known that these
effects have some contribution to resonance photo-production [4]. Furthermore, in order
to compare with experiment, the q2 dependence of helicity amplitudes also needs to be
calculated. The confinement exchange current is also model dependent, and it is necessary
to consider other possibilities, such as linear confinement and color screening potentials. All
these effects will be included in future work.
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TABLES
TABLE I. Photo-production amplitudes of [70, 1−] resonance states in center mass frame in
units of GeV−1/2× 10−3. AT shows the sum of all contributions. The experimental data are given
by the most recent Particle Data Review [28].
Multiple States ANJ ANR ASO ANA Agqq¯ Aγππ Aπqq¯ Aσ Aconf AT Exp.
[70, 1−]1 S11 (1535) A
p
1/2 151 -43 30 -21 15 -16 5 -41 80 90±30
An
1/2 -99 14 0 0 -15 16 -2 14 -72 -46±27
D13 (1520) A
p
3/2 94 27 -19 22 14 -20 0 -1 117 166±5
An
3/2 -93 -9 0 -22 -14 20 0 0 -118 -139±11
A
p
1/2 -59 15 -11 -6 8 -12 -7 59 -13 -24±9
An
1/2 -16 -5 0 -3 -8 11 2 -20 -39 -59±9
S11 (1650) A
p
1/2 0 0 18 18 13 -29 0 0 20 53±16
An
1/2 29 -12 -4 -15 -17 29 2 -14 -2 -15±21
D13 (1700) A
p
3/2 0 0 -33 -36 13 -15 0 0 -71 -2±24
An
3/2 -68 22 9 27 -3 15 -5 34 31 -3±44
A
p
1/2 0 0 -19 -17 0 -12 0 0 -48 -18±13
An
1/2 -12 12 5 16 2 12 -1 6 40 0±50
D15 (1675) A
p
3/2 0 0 0 -7 3 -1 0 0 -5 15±9
An
3/2 -57 0 0 0 5 0 -4 28 -28 -58±13
A
p
1/2 0 0 0 -5 2 -1 0 0 -4 19±8
An
1/2 -41 0 0 0 4 0 -3 20 -20 -43±12
S31 (1650) A
p,n
1/2 35 13 8 9 18 -17 -2 14 78 27±11
D33 (1700) A
p,n
3/2 66 -7 -6 0 13 -33 0 0 33 85±22
A
p,n
1/2 81 -4 -3 -11 14 -19 3 -21 40 104±15
[70, 0+]2 P11 (1710) A
p
1/2 -25 28 -2 -6 0 -1 -4 -24 -34 9±22
An
1/2 8 -9 0 -1 0 -1 1 8 6 -2±14
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TABLE II. Photo-production amplitudes of [56, 2+] resonance states in center mass frame in
units of GeV−1/2× 10−3. AT shows the sum of all contributions. The experimental data are given
by the most recent Particle Data Review [28].
Multiple States ANJ ANR ASO ANA Agqq¯ Aπqq¯ Aγππ Aσ Aconf AT Exp.
[56, 2+]2 P13 (1720) A
p
3/2 32 -26 2 5 -8 -1 0 5 9 -19±20
An
3/2 0 18 2 -2 8 4 0 -3 -13 -29±61
A
p
1/2 -116 46 4 12 0 -6 -2 34 -28 18±30
An
1/2 41 -31 4 -4 0 8 2 -23 -3 1±15
F15 (1680) A
p
3/2 64 35 3 9 4 -5 0 -6 104 133±12
An
3/2 0 -23 -3 -3 -4 5 0 4 -24 -33±9
A
p
1/2 -28 25 2 -1 0 0 -3 46 41 -15±6
An
1/2 49 -16 -2 0 0 0 2 -31 2 29±10
P31 (1910) A
p,n
1/2 -26 0 0 -3 -6 -4 -1 16 -24 3±14
P33 (1920) A
p,n
3/2 45 -20 2 -3 4 5 2 -25 10 23±17
A
p,n
1/2 -26 34 3 0 5 0 -1 10 25 40±14
F35 (1905) A
p,n
3/2 -71 49 4 1 3 -3 -3 36 16 -45±20
A
p,n
1/2 -17 34 3 3 4 -5 -4 4 22 25±11
F37 (1950) A
p,n
3/2 -55 0 0 -3 -3 5 -3 34 -25 -97±10
A
p,n
1/2 -42 0 0 -3 -2 4 -3 26 -20 -76±12
[56, 0+]2 P11 (1440) A
p
1/2 38 -34 7 -20 -15 5 -19 -27 -65 -55±4
An
1/2 -25 23 -7 7 15 -9 13 18 35 40±10
P33 (1600) A
p,n
3/2 -47 36 -8 -10 11 -19 -17 -9 -63 -9±21
A
p,n
1/2 -27 21 -5 -6 6 -11 -10 -5 -37 -23±20
[56, 0+]0 P33 (1232) A
p,n
3/2 -180 -12 -12 -19 -33 27 -21 68 -182 -255±8
A
p,n
1/2 -104 -7 -7 -11 -19 16 -12 39 -105 -135±5
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FIG. 1. The first moment of the spin structure function g1
(
x,Q2
)
for proton. The solid and
dotted lines show our calculation with and without the two-body exchange currents. The dashed
line is the result of Ref. [14]. The dashed-dotted line is our result with the non-resonant part and
the two-body exchange currents contributions. The experimental data are from [29].
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FIG. 2. The same as Fig. 1 for neutron.
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FIG. 3. The Bjorken integral Γp − Γnof the spin structure function g1
(
x,Q2
)
. The solid and
dotted lines show our calculation with and without two-body exchange currents. The dashed line
is the result of Ref. [19]. The dashed-double dotted line is the χPT prediction [31]. Our result
with the non-resonant part and the two-body exchange currents contributions is shown by the
dashed-dotted line. The experimental data are from [29].
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FIG. 4. The Q2 dependence of GDH sum rule for proton. The solid and dotted lines show
our calculation with and without the two-body exchange currents for proton. Our result with the
non-resonant part and the two-body exchange currents contributions is shown by the dashed-dotted
line.
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FIG. 5. The same as Fig. 4 for neutron.
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